The Zetaproteobacteria are a candidate class of marine iron-oxidizing bacteria that are typically found in high iron environments such as hydrothermal vent sites. As much remains unknown about these organisms due to difficulties in cultivation, single-cell genomics was used to learn more about this elusive group at Loihi Seamount. Comparative genomics of 23 phylogenetically diverse single amplified genomes (SAGs) and two isolates indicate niche specialization among the Zetaproteobacteria may be largely due to oxygen tolerance and nitrogen transformation capabilities. Only Form II ribulose 1,5-bisphosphate carboxylase (RubisCO) genes were found in the SAGs, suggesting that some of the uncultivated Zetaproteobacteria may be adapted to low oxygen and/or high carbon dioxide concentrations. There is also genomic evidence of oxygen-tolerant cytochrome c oxidases and oxidative stress-related genes, indicating that others may be exposed to higher oxygen conditions. The Zetaproteobacteria also have the genomic potential for acquiring nitrogen from numerous sources including ammonium, nitrate, organic compounds, and nitrogen gas. Two types of molybdopterin oxidoreductase genes were found in the SAGs, indicating that those found in the isolates, thought to be involved in iron oxidation, are not consistent among all the Zetaproteobacteria. However, a novel cluster of redox-related genes was found to be conserved in 10 SAGs as well as in the isolates warranting further investigation. These results were used to isolate a novel iron-oxidizing Zetaproteobacteria. Physiological studies and genomic analysis of this isolate were able to support many of the findings from SAG analyses demonstrating the value of these data for designing future enrichment strategies.
Introduction
Iron is the fourth most abundant element in the Earth's crust and reduced Fe(II) can be oxidized to insoluble Fe(III) oxyhydroxides through abiotic or biotic means. The Zetaproteobacteria, a candidate class of the Proteobacteria phylum, carry out Fe(II) oxidation in marine environments at low temperatures, circumneutral pH and under microaerophilic conditions. To date, the Zetaproteobacteria have only been identified in habitats with high ferrous iron concentrations. Within this context, they have been detected in a wide range of environments from hydrothermal vent sites, such as Loihi Seamount, where they can dominate the microbial community (Rassa et al., 2009; Emerson and Moyer, 2010; McAllister et al., 2011; Fleming et al., 2013) , to coastal environments, where they may be involved in biocorrosion of steel structures such as ships and pilings (Dang et al., 2011; McBeth et al., 2011) .
The Zetaproteobacteria create distinct extracellular structures, such as helical stalks (Singer et al., 2011) and tubular sheaths (Fleming et al., 2013) , that are composed primarily of iron oxyhydroxides and organic polymers (Chan et al., 2011) . These structures are a by-product of their metabolism and are capable of creating a structured habitat, both physically and chemically, within the environment. At Loihi Seamount, the focus of this study, these iron mats can be centimeters thick and are greatly affected by opposing gradients of oxygen (O 2 ) and Fe(II) that can result in sharp redoxclines (Glazer and Rouxel, 2009 ). However, there may also be gradients of other chemical constituents found in the environment that could influence the lifestyle of these organisms such as carbon dioxide (CO 2 ), ammonium and hydrogen sulfide (Karl et al., 1988; Garcia et al., 2006; Glazer and Rouxel, 2009 ). The only current evidence of different populations of Zetaproteobacteria has been from molecular-based studies evaluating the small subunit ribosomal gene, which have suggested that there is a significant amount of phylogenetic diversity within the Zetaproteobacteria both globally and at Loihi Seamount (McAllister et al., 2011) . Currently available Zetaproteobacteria laboratory isolates represent only a small subset of this diversity as the 16S rRNA gene of these isolates are 99% similar to each other. Unfortunately, the Zetaproteobacteria remain difficult to grow in the lab, thus cultivationindependent methods, such as single-cell genomics, are currently the best approach to learn more about this diverse yet elusive group.
What is known about the Zetaproteobacteria in regards to their metabolic capabilities and role in the environment has come largely from studying cultures in the laboratory. The cultivated representatives are all closely related to Mariprofundus ferrooxydans strain PV-1, an obligate iron-oxidizing, chemolithoautotroph. Of these, only the closely related strains PV-1 and M. ferrooxydans M34 have had their genomes sequenced. Although the laboratory isolates have shed light on some of their metabolic capabilities, the question remains whether the broader phylogenetic diversity within this class is reflective of its metabolic diversity and potential niche specialization. To address this question, genomic data from 23 phylogenetically diverse, uncultivated Zetaproteobacteria genomes from Loihi Seamount were obtained. Comparative genomics was conducted to assess their metabolic capabilities that may lead to niche specialization and compare them with the cultivated representatives, both of which were isolated from Loihi Seamount. This information can provide a better understanding of the ecologic and metabolic role the Zetaproteobacteria may have in this environment.
Materials and methods
Site description and sample collection Samples were collected from Loihi Seamount using a custom-built, manually operated syringe-based biomat sampler as described by Fleming et al. (2013) . The sampler allowed for accurate collection of the surface layer (top cm) of the microbial mat, which can be many centimeters thick. Surface layer iron mat samples from three distinct sites at Loihi Seamount were collected and used for single-cell sorting from Hiolo North Marker 31 (AB-133, AB-137), Hiolo North Marker 39 (AB-602) and Pohaku Marker 57 (AB-604). Two additional bulk mat samples from Hiolo North Marker 39 (AC-673) and Pohaku Marker 57 (AC-675) were collected with a suction sampler collecting approximately the top 3-4 cm of the mat and were used for single-cell sorting. Upon return to the ship, all samples were immediately preserved in glycerol and stored at À 80 1C until single-cell sorting. Microscopy of corresponding samples not prepared for single-cell sorting revealed biologically produced Fe(III) oxyhydroxides (i.e. stalks and sheaths) indicative of biologic iron oxidation by Zetaproteobacteria in these samples. Additional site and sample details can be found in Supplementary Table S1 and Fleming et al. (2013) .
Single-cell sorting and amplification
The semiconsolidated mat samples were pretreated before single-cell sorting using fluorescenceactivated cell sorting. Each sample was aspirated with a syringe and needle to disrupt the sample and then diluted 1:10 in filter-sterilized artificial seawater before analysis. Single-cell sorting and amplification has been described previously (Stepanauskas and Sieracki, 2007; Swan et al., 2011 Swan et al., , 2013 Woyke et al., 2011) . Additional details can be found in Supplementary Information.
Whole genome sequencing, assembly, and quality control Based on their identity and phylogenetic diversity, 23 unique Zetaproteobacteria SAGs (of the total 214 Zetaproteobacteria SAGs identified) were chosen for whole genome sequencing. Eight SAGs were sequenced and assembled through the Bigelow Laboratory Single Cell Genomics Center pipeline and 14 SAGs were sequenced and assembled at the Joint Genome Institute (Walnut Creek, CA, USA) (Supplementary Table S2 and Supplementary Methods). One additional SAG (AB-137-C09) was sequenced twice, once at each location, to confirm sequencing and assembly methods between locations had no effect on the resulting genomes. The sequencing at Joint Genome Institute was part of a Community Sequencing Project and followed the Joint Genome Institute's single-cell minimal draft protocol. Sequencing and assembly through the Single Cell Genomics Center pipeline followed the protocols previously described in Wilkins et al. (2014) . Detailed methods for sequencing, assembly and thorough quality control, including contaminant identification and removal, can be found in Supplementary Information. Statistics of the final assemblies can be found in Supplementary Table S2 .
Genome completeness estimates
Genome completeness estimates were determined by calculating the number of conserved copy genes recovered in each genome (Woyke et al., 2009; Garcia et al., 2012; Kamke et al., 2013; Rinke et al., 2013) . A total of 76 conserved single copy genes, identified based on clusters of orthologous group (COG) classifications, were found in 97% of all finished Proteobacteria genomes (n ¼ 938) in the Integrated Microbial Genome database at the time of analysis (21 July 2013). Genome completeness estimates for each genome were calculated based on the percent of these 76 conserved single copy genes recovered in each individual genome.
Sequence classification and OTU designation
Sequences obtained from single-cell PCR screening of multiple displacement amplification products were classified using the Silva Aligner (Pruesse et al., 2007) and imported into the ARB database (Ludwig et al., 2004) . Zetaproteobacteria sequences were passed through MOTHUR (Schloss and Handelsman, 2005) and clustered using a 0.03 cutoff. An operational taxonomic unit (OTU) was defined as a group of sequences with 97% sequence similarity to each other. These sequences were compared with reference sequences from McAllister et al. (2011) to determine which global OTU these sequences correlated with.
Whole genome comparisons Amino-acid identities (AAIs) were calculated for all pairs of SAGs as follows: For each pair of SAGs, reciprocal best BLAST hits (E-value o1E À 3) were used to predict orthologous genes between the two genomes using the amino-acid sequences of all predicted genes. The AAI was computed as the mean of all BLAST alignments of orthologous genes. Rows and columns in the heatmap were hierarchically clustered, resulting in the dendrogram shown. Average nucleotide identities (ANIs) were calculated using the BLAST-based algorithm for calculating average nucleotide identity (ANIb) tool in JSpecies (v.1.2.1) (Richter and Rosselló -Mó ra, 2009 ). All nucleotide ambiguities in the form of N's were removed before analysis. SAG AB-602-E04 was removed from all analyses except the heatmap because of extremely low genome recovery leading to a clear bias in the results.
Phylogenetic analyses
A maximum-likelihood phylogenetic tree was created with the 16S rRNA gene sequences obtained from assembled SAGs. In SAGs where the 16S rRNA gene was not recovered, the partially recovered 16S rRNA gene from PCR screening was used. Nucleotide sequences were aligned using the MAFFT aligner (Katoh et al., 2002) , and the phylogenetic tree was created in RAxML-MPI (v.2.2.3) (Stamatakis, 2006) using the GTR GAMMA nucleotide substitution model with 100 bootstrap iterations. Molybdopterin oxidoreductase and ribulose 1,5-bisphosphate carboxylase protein sequences were aligned using ClustalW (Thompson et al., 1994) and further aligned manually. Maximum-likelihood phylogenetic trees were created in MEGA5 (Kumar et al., 2008) using the Poisson Substitution Model with 1000 bootstrap iterations.
Isolation of Mariprofundus sp. EKF-M39
An iron mat sample was collected during a recent expedition to Loihi in March 2013 from the Marker 39 iron mat (sample: J2-674-BM1-B456). For the initial enrichment, 100 ml of mat sample was added to Balch Tubes containing sterile artificial seawater (ASW) (Emerson and Floyd, 2005) prepared under anaerobic conditions with a headspace of argon:CO 2 (80:20) mix. Artificial seawater was prepared using equivalent moles of nitrogen in the form of sodium nitrate to replace ammonium chloride, the usual N-source for artificial seawater. ATCC Trace Mineral Supplement (ATCC, Manassas, VA, USA), ATCC Vitamin Supplement (ATCC) and 500 mM FeCl 2 (final concentration) were also added. Trace O 2 was likely present from addition of the vitamins and mat inoculum. Cultures were transferred under the same growth conditions five times to obtain a pure culture, which was confirmed by microscopy and 16S rRNA gene sequencing.
Accession numbers
The small subunit genes obtained from multiple displacement amplification products have been submitted to GenBank under accession numbers (KM042429-KM042846 Table S4) . Interestingly, no 16S sequences from OTU 11 were recovered, indicating that none of the SAGs were closely related to strains M. ferrooxydans PV-1 and M34. Marker 57 samples were largely comprised of OTUs 4 and 10 members, whereas Marker 31 and Marker 39 samples were dominated by OTU 1 and 2 members, which is consistent with geographical differences observed in previous studies at Loihi Seamount (McAllister et al., 2011 , Singer et al., 2013 . Markers 31 and 39 are geographically close to each other located only a few meters apart at a water depth of 1300 m near the bottom of Pele's Pit, a crater created as a result of an eruption in 1996. At the time of sampling in 2009, the vent fluid temperature was B42 1C, while the ambient seawater was around 4 1C. Conversely, Marker 57 is more distant at the Pohaku outcrop (400 m south of Pele's Pit), shallower (water depth of 1178 m), has cooler vent fluid temperatures (B28 1C), and a slightly higher pH (5.6-7.3 compared to 5.8-6.5) (Glazer and Rouxel, 2009 ). These differences in geographical location, water depth, temperature, and could all have a role in the Zetaproteobacteria community structures observed. The entire summit of Loihi Seamount is considered an O 2 minimum zone with seawater O 2 concentrations ranging from 50 to 80 mM while the vent fluid Fe(II) concentrations are typically several 100 mM (Glazer and Rouxel, 2009) , indicating that O 2 and Fe(II) are likely not the sole contributors to the differences in community structure as they do not vary significantly between sites. At Marker 39 there were also differences between the surface layer and suction samples of bulk mat, suggesting that OTUs 2 and 6 may be more prevalent in the first centimeter of the mat, while OTUs 1, 4 and 10 may be deeper in the mat. These surface layer samples were collected in consecutive years, thus this is solely an observation, but it suggests that there may be some structuring of these organisms with depth in the mat.
Results

Zetaproteobacteria community structure
Twenty-three SAGs were chosen for sequencing from these three distinct sites within the Loihi Seamount area representing phylogenetically diverse members of the Zetaproteobacteria: OTU 1 (five SAGs), OTU 2 (six SAGs), OTU 4 (four SAGs), OTU 6 (four SAGs) and OTU 10 (four SAGs) (Table 1 and Figure 2 ) to capture as much diversity as possible. Genome recovery estimates ranged between o10% and 83% with an average of 49%. 
General comparisons between Zetaproteobacteria genomes
Genomes were compared at both the nucleotide and protein level to determine if phylogenetic similarity correlated with overall genetic similarity. Hierarchical clustering of the genomes based on average AAIs indicated that members of the same OTU did not always cluster together (Figure 3 ). The OTUs that appear to be most greatly affected were OTUs 1 and 6. There was a general trend in which greater average AAIs correlated with genomes from the same OTU (average 76%) rather than genomes between OTUs (average 57%). This trend was consistent regardless of whether AAI or ANI was used (Supplementary Figure S3 and Supplementary  Tables S5, S6 , and S7), athough outliers were present in both instances. As expected, the number of outliers was higher for ANI than AAI comparisons. These outliers could not be explained by possible cross-contamination or chimeras as the genomes were not sequenced together and quality control measures removed chimeric sequences. It is possible that genome recovery size has a role, but only SAG-602-E04, the smallest genome recovered, is consistent with this. These results also indicate that the isolates are highly similar at the whole genome level, but quite distinct from the SAGs. Although previous studies have suggested that the 16S rRNA gene may not be the best indicator of overall genetic relatedness for many microorganism (Konstantinidis and Tiedje, 2005; Konstantinidis et al., 2006; Staley, 2006; Swan et al., 2013) , this is the first evidence that this is also true for the Zetaproteobacteria. COG comparison analyses suggested that there were no significant metabolic differences when comparing unique COGs in the Zetaproteobacteria genomes between geographic site, mat sample type (i.e. surface layer or bulk mat) and OTU designation. The most significant differences were between the SAGs and isolates, likely due to the phylogenetic breadth of the SAGs compared with the isolates. There were 632 unique COGs found in the SAGs compared with the 124 unique COGs found in the isolates (Supplementary Table S8 ), which correspond to 30% and 7% of the total unique COGs identified in each, respectively. This also indicates that the majority of COGs in both groups are shared. However, protein clustering indicated that proteins were not highly conserved between the isolates and SAGs, regardless of COG category (Supplementary Figure S4 and Supplementary  Table S9 ). Overall, these results suggest that the genomic variation observed by ANI and AAI comparisons may be due to subtle variations such as environmental responses or evolutionary influences. The subsequent sections will address some of these differences.
Carbon utilization
Studies of Zetaproteobacteria cultures that were isolated using autotrophic media have indicated that they are obligate autotrophs (Singer et al., 2011) . Strains PV-1 and M34 have complete pathways for carrying out carbon fixation using the Calvin-Benson-Bassham cycle. Eleven of the 23 SAGs analyzed here also show evidence of the Calvin-Benson-Bassham cycle, based on the presence of either the ribulose 1,5-bisphosphate carboxylase (RubisCO) gene or the phosphoribulokinase gene, both of which are specific to this pathway (Berg, 2011) (Supplementary Table S10 ). The detection of these genes did not correlate to genome size or OTU designation. There was no evidence of other carbon fixation mechanisms in any of the Zetaproteobacteria genomes. Both strains PV-1 and M34 contain a Form I and Form II large subunit RubisCO gene. Large subunit RubisCO genes were recovered from 8 of the 23 SAGs. Three additional SAGs contained RubisCO activation genes cbbQ and cbbO. Interestingly, all eight of the RubisCO genes found in the SAGs were of the Form II type (Figure 4) . Form II RubisCO genes were notably absent from OTU 4 genomes, but at least one of these genomes had other genes from the Calvin-BensonBassham pathway, suggesting that they may still be capable of autotrophy.
The probability that Form I may have been present but not detected in any of the 23 analyzed SAGs because of incomplete genome recovery is extremely low (estimated 7.49E À 08%, Supplementary Methods) if it is assumed that multiple displacement amplification biases and subsequent genome coverage is random (Lasken and Stockwell, 2007) . Therefore, while both isolates encode Form I and Form II RubisCO genes, it is unlikely that all Zetaproteobacteria do. The presence of Form II rather than Form I is interesting as it is indicative of adaptations to high CO 2 and very low O 2 environments (Badger and Bek, 2008; Tabita et al., 2008) , which is consistent with the O 2 profiles presented by Glazer and Rouxel (2009) , in which the O 2 levels at Loihi Seamount iron mats were often below the detection limit (3 mM) even at the mat surface. These findings suggest that the broad phylogenetic spectrum of Zetaproteobacteria represented by SAGs analyzed in this study have a lower O 2 tolerance for fixing carbon compared with their cultivated counterparts. Decreased O 2 and/or increased CO 2 may represent favorable conditions for future cultivation efforts.
Nine of the 23 SAGs, as well as strains PV-1 and M34, show the potential for carbohydrate uptake through the phosphotransferase system (Supplementary Table S11 ). These genes were found across all OTUs with the exception of OTU 4 and include the mannose/fructose-specific component IIA and the Ntr-type mannitol/fructose-specific component IIA genes. As the phosphotransferase system genes may have a complex functional role in the cell (Deutscher et al., 2014) , the specific role of these genes in the Zetaproteobacteria remains uncertain. Seven SAGs from three OTUs (1, 4 and 10) have endoglucanases, b-glucosidases, xylanases, and chitin deacetylases, suggesting that there is a genetic potential for degradation and utilization of complex carbohydrates. The presence of these genes suggests that there is a potential for heterotrophy or possibly mixotrophy among some of the Zetaproteobacteria, although there is no evidence to date that either strain PV-1 nor M34 can grow using any carbon source other than CO 2 .
Potential for iron oxidation
Neither the Zetaproteobacteria SAGs nor isolates contain homologs to well-characterized genes involved in iron oxidation identified in other microorganisms including iro (Amouric et al., 2011) , rus (Cox and Boxer, 1978) , mtoAB (Shi et al., 2012) , pioABC , foxEYZ (Croal et al., 2007) and cyt579 (Singer et al., 2008) . Previous studies have suggested that the Zetaproteobacteria may use a molybdopterin oxidoreductase and alternative respiratory complex III mechanism to carry out iron oxidation (Singer et al., 2011) . Molybdopterin oxidoreductase genes were found in 12 of the Zetaproteobacteria SAGs and in strain M34 forming two phylogenetic clusters (Figure 5a ). Cluster 1 contains 11 SAG proteins predicted to be nitrate reductases. Cluster 2 contains the molybdopterin oxidoreductase proteins associated with alternative respiratory complex III homologs from strains PV-1 and M34, two SAGs as well as freshwater iron-oxidizing bacteria Gallionella capsiferriformans ES-2 and Sideroxydans lithotrophicus ES-1. The alternative respiratory complex III syntenous operon structure in members of Cluster 2 is conserved and in agreement with previous findings (Singer et al., 2011) (Figure 5b ). In contrast, the associated Cluster 1 operon in the SAGs is comprised of genes from different COG categories than those associated with Cluster 2. Many of the genes in Cluster 1's operon are unique to SAGs, with no homologs in either strain PV-1 or M34. These genes include nitrite reductases, molybdenum co-factor biosynthesis genes, molybdenum transporters, molybdopterin-converting factors, and lactate dehydrogenase. SAG AB-604_O11 encodes the only member of Cluster 1 that is a predicted ferredoxin-type nitrate reductase. While this protein is phylogenetically similar to those in Cluster 1, the gene operon structure is much more similar to Cluster 2's alternative respiratory complex III homologs. In all, these results pose intriguing questions about the functional role and evolution of these molybdopterin oxidoreductase genes and corresponding operons in the Zetaproteobacteria and specifically what role, if any, they may actually have in iron oxidation.
Cytochromes and electron transport
Strains PV-1 and M34 as well as fourteen SAGs encode a cbb 3 -type cytochrome c oxidase, which has a high affinity for O 2 (Pitcher and Watmough, 2004) and is used under microaerophilic conditions. Notably, cbb 3 oxidase genes were not recovered from any of the OTU 4 SAGs and only from one of the OTU 10 SAGs (Supplementary Table S12 ).
Instead, these SAGs have a more O 2 -tolerant cytochrome c oxidase, suggesting that they are adapted to higher O 2 conditions. Strain M34 and eight SAGs, including members of OTU 10, have the bd-I ubiquinol oxidase, which is also used under microaerophilic conditions (Borisov et al., 2011) . The presence of both high O 2 and low O 2 adapted cytochromes suggests that OTU 10 members may be exposed to both low and high O 2 conditions. Therefore, this presents intriguing questions regarding the conditions under which they are exposed to higher O 2 concentrations, as well as what would constitute a higher O 2 concentration. This is also surprising as it was observed that OTU 10 members were more prevalent in the bulk mat samples, suggesting that they may be found deeper within the mats, which is not where higher O 2 concentrations would be expected.
There is an operon of B20 genes that appears to be highly conserved among the Zetaproteobacteria. Emerson et al. (2013) pointed out this large cluster, composed of two distinct subclusters, is conserved between strain PV-1 and S. lithotrophicus ES-1. Acidophilic iron-oxidizing Leptospirillum spp. also show similarities at the amino-acid level to many of these genes (Emerson et al., 2013) . Homologs to these genes were identified in 10 of the SAGs (Figure 6 ). Interestingly, no homologs were found in any OTU 4 or 10 SAGs. Most of the genes in this cluster are hypothetical; however, the few that have annotations indicate that they are likely involved in electron transport. The presence of this large gene cluster in many of the Zetaproteobacteria, S. lithotrophicus ES-1 and homologs in Leptospirillum spp. further suggests that they may have a common function in electron transport under microaerophilic conditions and possibly have a role in iron oxidation. Although the specific function of these genes remains unclear, their conservation among the Zetaproteobacteria and other iron oxidizers indicates that they warrant further investigation.
Oxidative stress and protection Production of reactive O 2 species such as superoxide and hydroxyl radicals can occur under the high Fe(II) and fluctuating O 2 conditions (Cabiscol et al., 2010) that the Zetaproteobacteria are exposed to. Compared with other SAGs, members of OTU 10 appear to have greater protection against reactive O 2 species. Superoxide dismutase is largely absent in the SAGs being present only in SAGs from OTU 10 and the isolates. There are also only two SAGs that encode catalase genes, one of which is OTU 10 SAG AC-673-M07 (Supplementary Table S13 ). Additionally, two OTU 10 members have bacterioferritin, which is absent in all other Zetaproteobacteria genomes. Bacterioferritin is intriguing as it has been shown to be involved in both iron storage and protection against oxidative damage created by the reaction of ferrous iron with O 2 (Carrondo, 2003) . This increased repertoire of genes involved in mitigating oxidative stress suggests that OTU 10 may be adapted to fluctuating O 2 conditions compared with other uncultivated Zetaproteobacteria. It is currently unclear whether the depth within the mat, geographical location, or other factors have a role in the development of these attributes and should be evaluated further. Figure 6 Gene operon synteny of conserved gene cluster homologs between freshwater iron oxidizer S. lithotrophicus ES-1, and Zetaproteobacteria. Gene ID numbers corresponding to homologs of S. lithotrophicus cytochrome c oxidase, cbb 3 -type gene (labeled with a star) are provided under genome names. OTU designations are provided within parentheses. Dashed lines designate non-contiguous gene operons and directionality corresponds to that of S. lithotrophicus ES-1.
Nitrogen metabolism
Previous studies have indicated that Loihi Seamount vent fluids are enriched in ammonium and depleted in nitrate and nitrite compared with ambient seawater (Sedwick et al., 1992; Karl et al., 1988; Garcia et al., 2006) . Strains PV-1 and M34 were both isolated using medium in which ammonium was the sole nitrogen source, and genomic analysis indicates that they, as well as 13 SAGs, encode the genes necessary to utilize ammonium (Figure 7 and Supplementary Table S14). In addition, 11 SAGs have nitrate reductases, all of which show structural similarities to assimilatory nitrate reductases (Moreno-Vivián et al., 1999; Kraft et al., 2011) . Nine SAGs contain nitrite reductases (both large and small subunits). This indicates that almost half of the analyzed cells have the potential to assimilate nitrate. These same SAGs also contain nitrate/nitrite transporters as well as the nitrogen assimilation regulatory genes ntrB/ntrC (LuqueAlmagro et al., 2011) directly upstream. Strain M34 encodes nitrogenase genes, although their functionality remains to be verified. Nitrogenase genes were surprisingly absent in all of the SAGs. Eleven SAGs as well as both isolates have nitrilase genes, which have been found to hydrolyze organic nitrogen compounds and produce ammonia (Podar et al., 2005) . One SAG (AB-137_G06) also contains a nitronate monooxygenase gene that may be involved in carbon-nitrogen compound degradation through the use of O 2 and forming nitrite as one of its degradation products (Gadda and Francis, 2010) . There is also genetic evidence for potential urea utilization through the presence of transporters and urea carboxylase in both strains PV-1 and M34, as well as a urease gene in one of the SAGs (AC-673-M07).
There appears to be niche specialization among the Zetaproteobacteria in the type of nitrogen source they can use, whether it is nitrate, ammonium, organic compounds, nitrogen gas or some intermediate. Most have the potential to take up ammonium, but it appears as though some have acquired additional mechanisms for obtaining nitrogen. The partial recovery of genomes does not allow us to speculate on completeness of pathways as some of the genes may not have been recovered, but overall the detection of these genes in a high proportion of the SAGs suggest that they may have functional importance in the Zetaproteobacteria. Nitrogen availability, competition between cells, or fluctuating O 2 conditions may lead to the switch between nitrogen sources. It is surprising to find nitrate assimilation genes in so many of the SAGs, as the nitrate concentrations previously measured in the vent fluids were extremely low. The source of nitrate remains unknown, but it is possible that it comes from ambient seawater or that there are ammonia-oxidizing or other nitrifying microbes within the mats that are producing nitrate. The Zetaproteobacteria may also compete with these organisms for ammonia or O 2 leading to the development of these alternative nitrogen pathways. It appears as though Zetaproteobacteria use nitrate directly for a nitrogen source, although it cannot be ruled out that nitrate may be used as an alternative electron acceptor under certain conditions. Although there are a number of nitrate-dependent iron-oxidizing bacteria that grow under anaerobic conditions (Weber et al., 2006) , thus far there is no direct evidence that the Zetaproteobacteria are capable of this metabolism. These results indicate that the Zetaproteobacteria may have more diverse systems for acquiring nitrogen and therefore have a more significant role in nitrogen transformations than previously believed. The interactions between the Zetaproteobacteria living within the mats and different forms of nitrogen may be complex, dynamic, and represent a significantly understudied process in these environments.
Using genomic insights to isolate novel Zetaproteobacteria
The results presented here pose new enrichment strategies through which novel Zetaproteobacteria may be isolated. Enrichments targeting a wider range of O 2 conditions may lead to the isolation of some of these higher and lower O 2 -tolerant Zetaproteobacteria. For example, higher O 2 -tolerant Zetaproteobacteria appear to be largely from OTU 10, which are more prevalent at Marker 57 and could be targeted from this site in future sampling efforts. Similarly, they were also found in both bulk mat samples, suggesting that suction samples may be more appropriate starting material for inoculating enrichments specific for these organisms. The use of a variety of available nitrogen sources as well as the addition of heterotrophic or complex carbon sources may be advantageous for isolating some of these novel groups as well. Although we cannot demonstrate that the genomes obtained for this study are from cells that are carrying out iron oxidation, there is surprisingly little genomic evidence in these 23 SAGs of other lithotrophic metabolisms, including sulfur oxidation, ammonia oxidation, and methane oxidation. The possible exception being hydrogen oxidation because of the presence of Type I and Type III Ni-Fe hydrogenases and cytochrome b561 genes that have been implicated in hydrogen oxidation processes (Yoon et al., 2008) (Supplementary Table S15 ). Another finding gleaned from the SAGs is the presence of aerobic and anaerobic cobalamin (vitamin b 12 ) biosynthesis genes and corresponding cobalt transporters (Supplementary Tables S16 and S17), indicating that enrichments lacking B vitamins may be a relatively easy way to enrich novel strains.
We used the data presented here to isolate Mariprofundus sp. EKF-M39, a novel stalk-forming, iron-oxidizing Zetaproteobacteria strain from Loihi Seamount using medium containing nitrate as the sole nitrogen source, under very low O 2 conditions. Based on 16S rRNA gene comparisons, this isolate is most closely related to strain PV-1 and strain M34, but at only 96% gene similarity it is the most phylogenetically distinct Zetaproteobacteria isolate obtained from Loihi Seamount to date (Supplementary Figure S5) . The genome of strain EKF-M39 was sequenced (2.7 Mb) and whole genome comparisons indicate that it is even more distant from these two isolates at the ANI and AAI levels (71% and 69%, respectively). Compared with the SAGs, this isolate has an average similarity of 93% based on 16S, 67% ANI and 59% AAI.
Physiologic studies with strain EKF-M39 were conducted in an effort to verify some of the predicted SAG functions. This organism carries out lithotrophic iron oxidation under microaerophilic conditions. Strain EKF-M39 has phosphotransferase system genes, but did not show evidence for heterotrophic growth on mannose, fructose, acetate, or cellobiose when these were provided as the sole carbon sources (Table 2 and Supplementary Methods). It also is unable to carry out vitamin B 12 auxotrophy under iron-oxidizing conditions or grow with hydrogen as the electron donor. Most interestingly, strain EKF-M39 confirms that the Zetaproteobacteria are versatile in their nitrogen utilization capabilities as this strain can grow using either nitrate or ammonium as the sole nitrogen source. It can also grow in nitrogen-deplete medium, which is consistent with nitrogen fixation. Strain EKF-M39 has the genetic capacity to carry out different modes of nitrogen assimilation and has a full suite of nitrogen fixation genes confirming the physiologic tests. Strain EKF-M39 is not capable of anaerobic nitrate-dependent iron oxidation (Table 2 and Supplementary Methods), confirming that it uses nitrate solely as a nitrogen source.
The genomic potential of this isolate supports additional findings introduced by the analysis of the SAGs. It represents the first Zetaproteobacteria isolate to contain a Cluster 1 molybdopterin oxidoreductase gene (Supplementary Figure S6) and lack the Cluster 2 molybdopterin oxidoreductase. The Cluster 1 molybdopterin oxidoreductase gene and corresponding operon in strain EKF-M39 are the only nitrate assimilation genes in the near-complete genome, indicating that these are likely responsible for the growth by strain EKF-M39 when nitrate was the sole nitrogen source. This possibly indicates that strain EKF-M39 has a different mechanisms for iron oxidation compared with strains PV-1 and M34, and/or the Cluster 2 molybdopterin oxidoreductase genes are not essential for iron oxidation. Strain EKF-M39 also has the conserved set of cytochrome genes found in strains PV-1, M34, and S. lithotrophicus ES-1, supporting the potential importance of this gene operon in electron transport and possibly in iron oxidation. Last, it is the first Zetaproteobacteria isolate to have only a form II RubisCO gene (Supplementary Figure S7) , which is consistent with the very low O 2 enrichment conditions used to isolate this organism, demonstrating that this strategy can be successful for finding unique isolates. Additional in-depth physiological and genomic analyses of this isolate are currently being conducted and will be described elsewhere. 
Conclusions
Partial genome sequences from 23 uncultivated Zetaproteobacteria from Loihi Seamount significantly expand our understanding of the genetic diversity, metabolic potential, and ecologic roles of this elusive taxonomic group. This study suggests that O 2 tolerances and nitrogen metabolisms may have a significant role in niche specialization among the Zetaproteobacteria. Future analyses of fine-scale sampling efforts within these mats will be necessary to better understand the extent of these niche differentiations. Aside from Fe-oxidation, there was a surprising lack of other lithotrophic or anaerobic metabolisms in the Zetaproteobacteria SAGs at Loihi Seamount. This may explain why previous studies have identified these organisms almost exclusively in high iron environments. Genomic comparisons with Zetaproteobacteria from non-hydrothermal vent sites and other geographic locations will also help determine the true breadth of their metabolic versatility on a global scale. Overall, these findings lay the groundwork for future laboratory and in situ studies as they provide insight into the potential lifestyle of the Zetaproteobacteria.
